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The Tremadocian (Early Ordovician) is currently considered a time span of greenhouse conditions with 
tropical water surface temperature estimates, interpolated from oxygen isotopes, approaching 40 °C. 
In the mid-latitude Baltoscandian Basin, conodonts displaying low δ18O values, which suggest high 
temperatures (>40 °C) in the water column, are in contrast with the discovery of contemporaneous 
glendonite clusters, a pseudomorph of ikaite (CaCO3·6H2O) traditionally considered as indicator 
of near-freezing bottom-water conditions. The massive precipitation of this temperature sensitive 
mineral is associated with transgressive conditions and high organic productivity. As a result, the 
lower Tremadocian sediments of Baltoscandia apparently contain both “greenhouse” pelagic signals 
and near-freezing substrate indicators. This paradox points to other primary controlling mechanisms 
for ikaite precipitation in kerogenous substrates, such as carbonate alkalinity, pH and Mg/Ca ratios, 
as recently constrained by laboratory experiments. Preservation of “hot” conodonts embedded 
in kerogenous shales rich in δ18o-depleted glendonites suggests both the onset of sharp thermal 
stratification patterns in a semi-closed basin and the assumed influence of isotopically depleted 
freshwater yielded by fluvial systems.
Except one rather controversial note1, the record of glendonites displays an apparent gap from Neopoterozoic2 to 
Permian3 times. However, similar calcareous nodular aggregates embedded in Tremadocian black shales of the 
East Baltic (Fig. 1a), the so-called “antraconites”, have been known for more than 150 years. These aggregates are 
documented from 24 geographical localities in the Türisalu and Koporiye formations (Cordylodus angulatus - 
Paltodus deltifer pristinus zones) and sporadically in the Orasoja Member (upper part of the Kallavere Formation; 
Cordylodus angulatus - Paltodus deltifer pristinus zones), exposed along 600 km of the Baltic-Ladoga Glint4, a 
transect linking North Estonia to the eastern St Petersburg area (Fig. 1b). All these units were accumulated in the 
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Figure 1. Distribution of major Tremadocian facies in the northern and central parts of East Baltica with 
setting of glendonite localities; (a) facies map (after5,6) showing: A, quartzose sand and sandstone (nearshore); 
B, quartzose sand rich in obolid brachiopods (nearshore); C, fine-grained sand with black shale interbeds 
(offshore); D, detrital sand with abundant obolid brachiopods (beach and bar systems); E, fine-grained 
sandstone and shale (offshore to basinal); F, black graptolitic shale (basinal); G, exposure of Tremadocian strata; 
H, boreholes; I, glendonite localities; geographical areas: 1, North Estonia and St Petersburg region; 2, Moscow 
Basin; 3, Jelgava depression; 4, Öland and Småland; 5, Scania-Bornholm; 6, Östergötland-Närke-Västergötland; 
7, Oslo Region; 8, Łeba area; 9, Łeba-Gdaǹsk area; 10, Podlasie depression; 11, Siljan, 12, Bothnian Sea; 13, 
Kolguev Island; palaeolatitudes for Tremadocian after67; (b) schematic map of the Baltic-Ladoga Clint area 
showing position of glendonite and phosphorite localities; modified after6. New (prepared by MGP in Corel 
Draw 15, https://www.corel.com/en/products/coreldraw/).
Figure 2. Early Tremadocian schematic palaeogeographical reconstruction for the South Hemisphere, 
including inferred oceanic circulation (modified data on patterns of circulation after68). Legend: 1, areas of ikaite 
precipitation; 2, cold water currents; 3, warm water currents; 4; Tropical Convergence; 5, Polar Convergence; 
6, inferred areas of epeiric seas on Baltica continent; 7, Baltoscandian Basin; NEC, North Equatorial Current; 
SEC, South Equatorial Current; ECC, Equatorial Counter Current; SSC - South Subpolar Current; SPC - South 
Polar Current; H, subtropical high pressure zones; K, Kolguyev Island; T, Timan – Pechory Region; CA, Central 
Africa. New; (prepared by MGP in Corel Draw 15, https://www.corel.com/en/products/coreldraw/)
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Baltoscandian Basin (Fig. 2), an epeiric sea with a central flat-floored depocentre rimmed to the south (recent 
coordinates) by a chain of low islands and associated shoal complexes5,6. During Tremadocian times, the basinal 
depocentre4,7 recorded black shale deposition episodically punctuated by wave and storm-induced processes, 
pointing to a sediment-starved, offshore-to-basinal clayey substrate, in which organic matter and trace metals 
became highly concentrated due to extremely low deposition rates and an exceptionally low influx of siliciclastic 
material8. In contrast, nearshore environments comprised uncemented, well-washed, cross-laminated quartz-
ose sands, which included high concentrations of allochthonous obolid coquinas (e.g. Rakvere phosphorite ore 
deposit) that were continuously reworked along the shorelines. Major Furongian–Tremadocian regressions are 
recognized in these nearshore environments by the presence of distinct stratigraphic gaps (Supplement. Fig. 1), 
some of them highlighted by the evidence of palaeokarst9.
Sedimentary and palaeoecological background of glendonite-bearing strata
The above-reported inner-platform phosphoritic (wt. P2O5 >18%) bars contain Rhabdinopora graptolites5, 
which leave no doubts that they were synchronously deposited with the black shales of the glendonite-bearing 
Türisalu Formation. These phosphatic bars played a significant source for the increasing phosphate pollution 
of the Baltoscandian semi-closed Basin, especially when high alkaline dysaerobic conditions developed at the 
sediment-water interface5,10,11. Episodic water stratification, controlled by temperature and density, has been pro-
posed for the Baltoscandian Basin to explain modifications in TOC concentration and accumulation of metallif-
erous ore deposits12,13.
The kerogenous and metalliferous black shales of the Türisalu and Koporiye formations display 
shallowing-upward parasequences, up to 7 m thick. Massive to laminated black shales are topped by siltstone inter-
beds rich in cross- and wavy-lamination, symmetric ripple marks, centimetre-scale lag deposits with grading, scour-
ing surfaces and episodic record of burrowing and spiculites14–16. The parasequences are associated with vertical 
decimetre-scale redox-sensitive trace metal shifts17–19 reflecting metal sequestration related to contemporaneous 
fluctuations in sedimentation rate. In NE Estonia, the Toolse Member (Türisalu Formation) becomes thinner and 
consists of a centimetre-thick alternation of siltstone and black shale containing authigenic carbonate and sulphide 
mineralizations20,21. In Scania, the influence of relative high-order sea-level fluctuations is recognized by the vertical 
stacking pattern of different claystone-dominant facies associations of the Alum Shale22. In the parasequences of 
the Türisalu and Koporiye formations, glendonites are relatively common in the lower massive-to-laminated black 
shales and in the black shale interbeds of the upper part. The latter contain scattered centimetre-thick lag deposits 
rich in clasts derived from glendonites pointing to the influence of storm-induced episodes.
Oxygen content was also variable, ranging from temporary oxygenated conditions above the sediment-water 
interface (supported by the episodic occurrence of ichnofossils, often preserved as a result of pyrite infill, and 
thin, lens-like layers of spiculites and associated acrotretid brachiopods5,16) to dysaerobic, high alkaline con-
ditions proved by the enrichment in redox-sensitive metals8, including molybdenum, uranium and vanadium. 
Oxygenation episodes are recognized by the sudden development of metazoan colonization, burrowing and 
development of microbially induced sedimentary structures16,23. Microbial mats were then able to stabilise the 
seafloor, protecting against erosion and increasing the cohesiveness of the marine substrate. It is noticeable the 
local abundance of Kinneya-type wrinkle structures, considered as subsurface structures developed on a clayey 
substrate underneath biofilms and mats24,25.
Since Miaolingian to Tremadocian times, the coastal plains  and shoals of the Baltoscandian Basin were 
inhabited by low diversity benthic communities dominated by a single or few linguliform brachiopod species 
of the genera Obolus, Oepikites, Schmidtites and Ungula, characterized by organophosphatic shell mineraliza-
tion4,5, commonly associated with Skolithos trace fossils. These obolid-dominant communities adapted to soft, 
mobile substrates affected by storms and tidal currents. Their gradual proliferation reached its peak during the 
latest Furongian (Cordylodus andresi and Cordylodus proavus zones), when vast accumulations of phosphatic 
shelly material deposited nearshore. Subsequently, these brachiopod communities disappeared during the 
early Tremadocian and were replaced by hexactinellid sponges and the micromorphic linguliform brachiopod 
Eurytreta, which are considered disaster taxa postdating an extinction event that affected the late Furongian shelly 
communities4. The extinction event closely coincided with major marine transgression (Cordylodus angulatus 
Zone) that led to continuous deposition of black shales. The early planktonic graptolites Rhabdinopora became 
a common component of the pelagic fauna in the early Tremadocian Baltoscandian Basin, while a low diversity 
conodont fauna, dominated by Cordylodus spp., were not significantly affected by environmental changes4,5.
The Furongian–Tremadocian Nd isotopic signatures show median values of the εNd(t) within the range from 
−7.0 to −8.0 for the whole Baltoscandian Basin26. These data were probably close to the original signatures 
of the adjacent Iapetus oceanic water masses, suggesting free exchange: there are no signs of the high nega-
tive εNd(t) valued characteristic of old cratons. Therefore, a significant part of the Baltic continent, including 
the Fennoscandian Shield, was covered by epeiric seas. Sedimentation rates of the East Baltic black shales were 
extremely low, below 10 mm per millennium and approaching those of pelagic clays in present-day oceans16,27.
Updated significance of Tremadocian antraconites
Antraconitic aggregates were sampled in the Tremadocian Türisalu Formation of North Estonia and the Koporiye 
Formation of the eastern St Petersburg region (Fig. 1b; Supplement. Figs 2–3). Antraconites occur as single crys-
tal pseudomorphs, stellate (Fig. 3e,g) and rosette (Fig. 3b,c) clusters, usually 5–10 cm across and up to 20 cm in 
length, encased in black shales. One characteristic glendonite horizon, 15 cm thick, embedded in a distinct grey 
graptolitic clay of the Koporiye Formation, is traceable over 3.5 km on the eastern bank of the Syas River, between 
Chernetshkaya and Yurtzevo villages5 (Fig. 3b). It represents a compact aggregate of crystals, with randomly 
oriented long axes marking the top of a pyritised sandstone layer (Fig. 3f). The precipitation of ikaite probably 
occurred at the sediment-water interface, highlighting the top of a condensed bed.
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Glendonite crystals display a slightly distorted, prismatic habit (Fig. 4a), grading both laterally and centripe-
tally into microgranular mosaics of calcite (Fig. 4b), commonly red-stained by dispersed ferroan oxi-hydroxides 
and variable content in organic matter. XRD and geochemical analyses reveal a predominance of calcite and 
low-Mg calcite (Mg/Ca ratio < 1.228,29), locally contaminated by silty quartz and feldspar and the scattered pres-
ence of dolomite rhombs. Cathodoluminescence (CL) petrography distinguishes rhombohedral, fine-fibrous, 
chevron-like, ovoidal, spherulitic and clear mosaics of calcite (Fig. 4c). Crosscutting relationships between differ-
ent calcite phases suggest multiple stages of dissolution-recrystallization and (either complete or partial) replace-
ment of pre-existing types of calcite. Successive recrystallization phases from an ikaite precursor are marked by 
non-luminescent to dull brown-orange (bladed to equant) and reddish (granular mosaics) for younger neomor-
phic calcite mosaics. CL patterns reflect both a progressive increase and zonation in luminescence of the youngest 
calcite generations. This progressive increase in luminescence activators may be related to changes from relatively 
oxidizing (or suboxic) ground water to more reducing pore waters.
The wrapping of shale laminae around the glendonite crystals demonstrates that the concretions and nodules 
lithified during early diagenesis. However, competency differences caused by variable early-lithification of crystal 
aggregates and interbedded claystone contributed to fracturing. Two kinds of fissures can be distinguished. Those 
unrecognizable under CL are up to 2 mm wide, have no preferential alignment and are commonly branched and 
anastomosing; walls are highly irregular and show a very poor (or absent) fit. These fractures formed in a soft, 
semi-cohesive substrate (Fig. 3a,c). In contrast, fissures easily detectable under CL, up to 1 cm wide, have their 
walls dominantly composed of straight segments that exhibit a clear fit. Their porosity was occluded by a CL 
bright yellowish cement. They formed at a late stage of diagenesis in fully lithified concretions.
The dominant form of dolomitization occurs as euhedral to subeuhedral, dolomite rhombs, up to 60 μm 
in size. Locally, pervasive dolomitization has led to equigranular mosaics with little trace of primary textures. 
Fine-grained pyrite, identifiable as cubic, anhedral and framboidal forms and up to 8 μm in size, are locally abun-
dant throughout the concretions and the encasing matrix. Occasionally, pyrite directly encrusted previous hard 
substrates, such as scattered fossil skeletons (Fig. 4d).
Geochemical data of major elements from glendonites
After the ikaite → glendonite transformation, the precipitation and subsequent recrystallization of the calcite 
pseudomorph can be illustrated and characterized geochemically. Primary glendonites have typically almost 
Mg-free calcite as first crystallization phase, and then as later filling phases alternating low-Mg calcite and calcite 
phases. Compositional zoning in calcite to low-Mg calcite crystals is geochemically characterized by differences 
in the MgO/CaO ratio ranging from 0.008 to 0.55, respectively. Chemical modifications are distinct: low-Mg cal-
cite is considerable enriched over calcite in Mn and Sr content (×2) and Fe (×10), between crystallographically 
nonequivalent, time-synchronous growth sectors (Supplement. Table 1). The heterogeneity in Mg, Fe, Mn and 
Figure 3. Photographs of glendonites and sedimentary features from the East Baltic black shales; (a) GIT 
366-296, section of a drill core showing silty sandstone alternating with thin layers of black shale (bs) bearing 
glendonites (gl), D-223 borehole; (b) rosette cluster of glendonite, Toolse Member (Paltodus deltifer pristinus 
Zone), Napa, Estonia; (c,f,h) cross sectional view of two rosette glendonite clusters, cross sectional view of 
“glendonite bed”, and stellate glendonite cluster, Koporiye Formation (Cordylodus angulatus Zone), Syas River 
near Yurtzevo, Russia; (d) bedding surface of black shale with wave generated symmetrical ripple marks, 
Tabasalu Member (Cordylodus angulatus Zone), Pakri Cape; (e) GIT 571-19, two stellate glendonite clusters, 
Tabasalu Member (Cordylodus angulatus Zone), D-32 borehore, Vidruka; (g) TUG 220-77b, blade-shaped 
glendonite, Tabasalu Member, F-350 borehole, Kirimäe; (b,d–f) scale bars are 1 cm; (e,g) scale bars are 5 mm; 
(a–g) photo by H. Bauert; (h) photo by A. Dronov.
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Sr composition can be illustrated by the above-reported distinct increases in luminescence activators (CL), and 
by BSE-SEM images showing zoned calcite to low-Mg calcite growth sectors of primary glendonite (Supplement. 
Fig. 4A,B).
Isotope data from glendonites
Carbon and oxygen isotope analyses were carried out both in the bladed and microgranular crystals of glendo-
nitic calcite and low-Mg calcite in order to characterize the earliest diagenetic phases. The results are presented 
in Supplement. Table 2 and graphically shown on Fig. 5. Isotopic data cluster in a single field, where carbon 
isotope ratios range from +0.6 to −8.9‰ (the bladed crystals being the most enriched in 18O and depleted 
in 13C) and similar oxygen values from −5.7 to −8.2‰. These data are consistent with isotope data derived 
from other methane-free glendonites3,30–32. Permian glendonites described in Australia33 display greatest isotopic 
heterogeneities (ranging up to 25‰ in 13C and 18O) as a result of complex early-diagenetic overprints; their 
bladed-to-equant microgranular calcite, interpreted as the primary ikaite replacement, also displays the most 
enriched 18O and depleted 13C values of the successive calcite cements.
Recent glendonites typically show a much broader range in carbon isotope values, ranging from +10 to 
−40‰3,31–35 (Fig. 5), which are strongly dependent on the depositional environment: the extremely negative 
δ13C values (<−20‰) of many deep marine glendonites are likely controlled by the input of biogenic methane, 
whereas ikaite precipitated in lacustrine environments exhibits positive δ13C values.
Late Tremadocian to Floian glendonite-free limestone interbeds sampled in the Latorp Formation (Jämtland, 
Sweden), a laterally equivalent of the overlying glendonite-free glauconitic sands of the Leetse Formation, have 
yielded δ13C values heavier than those of the study glendonites (ranging from +0.27 to −0.73‰) but lighter 
δ18O signatures (from −8.29 to −9.89‰)36, reflecting a stronger diagenetic overprint of the succession in the 
glendonitic-free depocentre of the Baltoscandian Basin.
The oxygen isotopes derived from the Baltic glendonites are not used here for palaeotemperature purposes. 
As the ikaite → calcite transition results in a 68.6% volume loss, related to the release of structural water from the 
original ikaite crystal34, the resulting glendonite is controlled by pseudomorphic transformation into calcite and 
subsequent porosity occlusion by sparry mosaics of calcite and low-Mg calcite, with different oxygen and carbon 
isotopic compositions than the original ikaite30. Palaeotemperature interpolations of glendonite probably reflect 
the ikaite decomposition temperature, not the ikaite precipitation temperature33,37.
Figure 4. Thin-section photomicrographs of glendonite and associated sediment; (a) core of glendonite 
displaying the prismatic chevron-like habit of stellate pseudomorphs, Koporye Formation of St Petersburg 
region (petrographic microscope, plane light); (b) glendonite showing mosaics of microgranular calcite 
after recrystallization of original ikaite (petrographic microscope, parallel light), Türisalu Formation, North 
Estonia; (c) cathodoluminescence image of previous picture showing zoned ovoidal calcite grains with red-CL 
colours surrounded by subsequent orange-CL overgrowths; (d) SEM image showing euhedral crystals of pyrite 
nucleated on external wall of a phosphatic linguliform brachiopod, Koporiye Formation of St Petersburg region.
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Isotope data from contemporaneous conodonts
Biogenic phosphate of three conodont samples from the glendonite-bearing Orasoja and Toolse members of the 
Toolse 555 drill core, in the vicinity of Kunda town, were analysed for oxygen isotopes (Fig. 1b; Supplement. Fig. 2 
and Table 3). Conodont elements are scattered on the bedding surfaces of exposed black shales, but they were 
not used in the analysis because of strong impregnation with iron oxides. δ18O values obtained from the corre-
sponding levels A2 (+14.4‰; C. angulatus Zone), B3–4 (+14.4‰, C. angulatus Zone) and C (+14.7‰; P. deltifer 
pristinus Zone) from this core38 were homogeneously low.
The absolute temperatures derived from the δ18O values vary according to different equations: the two δ18O 
values (both 14.4‰) obtained from the C. angulatus Zone calibrated to NBC 120c (V-SMOV) = 21.7‰ translate 
49.9 °C39 and 48.1 °C40 (V-SMOV = −1). The value based on selected Paltodus material from the lower P. deltifer 
Zone (P. d. pristinus Subzone), calculated with the same equations, translates to 48.6 °C and 46.8 °C, respectively.
Constraining ikaite vs. δ18o[phosphate] for reconstructing tremadocian palaeoceanographic conditions. 
Glendonites are not informative of sedimentary environments. They have been reported from lacustrine and 
littoral to bathyal (~4000 m) environments, springs, melted sea ice and even caves35. In the Tremadocian of the 
Baltoscandian Basin, the preservation of centimetre-thick lag intervals, rich in glendonite-derived clasts, associ-
ated with symmetrical ripples marks and microbially induced sedimentary structures (Supplement. Fig. 5), points 
to the episodic influence of storm-induced processes reworking the calm-water substrates that served for ikaite 
nucleation. Therefore, some Baltic glendonites nucleated at bathymetries shallower than the maximum depth of 
the storm wave base.
Ikaite precipitation is favoured by environments characterized by low temperature (below 4 °C), high pH, high 
alkalinity, elevated concentration of phosphate and organic-rich marine substrates, where methane oxidation 
can take place. As a result, the occurrence of glendonite rosette clusters in calm-water clayey substrates has been 
traditionally considered as one of the most reliable palaeotemperature indicators of near-freezing conditions3,41. 
However, recent experiments42–44 have demonstrated that the main chemical factors that control ikaite precipita-
tion are pH and salinity, as a result of which ikaite can precipitate at temperatures up to 12 °C. These results ques-
tion the suitability of glendonitic calcite pseudomorphs as a proxy for near-freezing conditions. Ikaite unrelated 
to near-freezing conditions has been discovered in Recent kerogenous sediments where high carbonate alkalinity 
concentrations and elevated pH conditions (up to 10) are directly controlled by the anaerobic oxidation of organic 
matter and the photosynthetic activity of microbial communities43,45,46.
In our case study, the massive precipitation of ikaite is not contemporaneous with the presence of glaciomarine 
deposits close to the South Pole47. It is also in obvious discrepancy with the palaeotemperature interpolations 
suggested by the stable oxygen isotope signatures obtained from contemporaneous biogenic calcite (brachio-
pods) and apatite (linguliform brachiopods and conodonts) sampled in subtropical substrates suggesting higher 
Figure 5. Stable isotope dataset plot of glendonite and ikaite. Ordovician data in Repository Data; 
chemostratigraphy of the Latorp Formation after36; remaining data after3,31,35,39,69.
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temperatures (up to 40 °C) for both the seafloor and the water column48,49, as well as by the above-reported cono-
donts from the Toolse 555 drill core.
Isotope data from conodont apatite of subtropical Laurentia50 show high δ18O values across the Furongian–
Tremadocian transition, depleted values (reflecting some strong warming) into the uppermost angulatus/lower-
most manitouensis Zone (coeval with the basal deltifer Zone in Baltica), followed by a positive shift starting in the 
lower manitouensis Zone and continuing into and throughout the Floian with minor fluctuations through the late 
Floian. This rise in δ18O values reflects some long-term cooling starting at a level comparable to the lowermost 
deltifer Zone in Baltoscandia51. The scale of the relative negative-positive shift of more than 2‰ in δ18O during 
the lower Tremadocian fluctivagus/angulatus interval is comparable with glaciation vs. deglaciation turnovers 
recorded during the past 110,000 years52.
Isotope data from the East Baltic require some explanation. Unusually low δ18O values from biogenic (cono-
dont) phosphates of the glendonite-bearing Orasoja and Toolse members can be explained by either significant 
freshwater influx from surrounding land or high surface water temperatures pointing to sharp density stratifica-
tion patterns of the water column. The significant differences in δ18O values obtained for the water column and 
the water/sediment interface in fossil record are rare but not exceptional. A close analogy can be found in unu-
sually light δ18O values, obtained from some shark teeth across the Palaeocene–Eocene transition in the area of 
North Sea53. In both cases the observed paradox can be explained by significant decrease in surface water salinity 
caused by increased fresh water fluvial discharge and sharp stratification of the water column. A high-latitude 
present-day analogue is the freshwater influx of Siberian rivers, bearing extremely low δ18O values into the Arctic 
shelves54,55. Due to the mid-latitude position of Baltica in the Tremadocian, low δ18O values of freshwater runoff 
into the semi-closed Baltoscandian epeiric sea should be expected, because the oxygen isotopy yielded by rivers 
is drastically controlled by latitude and physical oceanography56,57. Yet, strong deficit of siliciclastic supply in the 
basin together with the above-reported Nd isotopic signatures26 show no signs of the high negative εNd(t) values 
characteristic of craton sources. Further evidence is yielded by the conspicuous occurrence of the free floating 
planktonic green algae Botryococcus, which occur in Sweden through the Alum Shale Formation, including its 
uppermost Tremadocian part. These oil-producer algae are considered as indicators of at least freshwater influ-
ence, due to its abundance in both brackish and lacustrine environments58.
Palaeotemperature interpolations derived from oxygen isotopes in bioapatite should take into account possi-
ble secular changes in the oxygen isotope composition of Phanerozoic seawater59, which could be responsible for 
apparently too high scores of inferred sea-water temperatures, based on different present-date-based formulas. 
Furthermore, recent developments in biomineralisation studies clearly demonstrate that biogenic hydroxyapatite 
is metastable outside the animal body60,61, which creates new challenges in application of biogenic phosphates 
for interpretation of isotope analysis outcomes and requires better understanding of their chemical taphonomy.
Finally, long-term episodes of thermally stratified water masses have been proposed for the Lower Ordovician 
Baltoscandian Basin to explain the widespread development of kerogenous shales rich trace-metal ore deposits 
and distinct separation of pelagic fossil taxa12,13. Among them conodonts, vertebrates with high rate metabo-
lism that adapted to well-oxygenated surface waters, whereas graptolites exhibited signs of adaptation to feed on 
nutrient-rich bacterioplankton based food chain along the boundary between oxygen-rich surface waters and 
anoxic waters at depth below the thermocline62.
Concluding remarks
The massive precipitation of ikaite in the Tremadocian black shales of North Estonia and the adjacent St 
Petersburg region of Russia, which lasted ca. 5 m.y., is exceptional and the first ever recorded for the entire 
Cambrian–Carboniferous sedimentary record worldwide. It took place in a semi-closed, epeiric sea located at 
temperate southern latitudes, and was associated with transgressive conditions and high organic productivity.
The isotopic data of the reported glendonites represent a mixture of pseudomorphic transformation into cal-
cite and occlusion of the porosity related to the ikaite → glendonite transformation by early-diagenetic calcite and 
low-Mg calcite, the latter displaying higher contents in Mn, Fe and Sr. In contrast, the low δ18Oapatite values derived 
from conodonts living in the water column and fossilised in glendonite-bearing strata, interpolate to high tem-
peratures (>40 °C), comparable to those reported in contemporaneous calcitic brachiopods from shallow-water 
subtropical settings.
The preservation of “hot” conodonts in glendonite-bearing shales points to other primary controlling mech-
anisms for ikaite precipitation in kerogenous substrates, such as carbonate alkalinity, pH and Mg/Ca ratios in 
the pore-water, as recently confirmed by laboratory experiments. The resulting gradient in palaeotemperature 
of the Tremadocian water column may have been biased by the onset of thermal stratification in the semi-closed 
Baltoscandian Basin and probable freshwater influx, whereas secular changes in the oxygen isotope composition 
of Phanerozoic seawater should not be discarded. The thermal/saline stratification of the Baltoscandian water 
column should have played an important role in moderating subpolar climates and reducing latitudinal gradients 
in Tremadocian times.
Methods
The analysed antraconites were sampled in the Türisalu Formation (Paltodus deltifer pristinus Zone) of a costal 
section in vicinity of Udria, North Estonia (acronym DMA), the Koporiye Formation (Cordylodus angulatus 
Zone) close to Yurtsevo village, and the St Petersburg region (SP). The greatest concentration of antraconites 
occurs within a bed, 1 m thick, at Yurtsevo and Chernetskaya sections (Fig. 1b, Supplement. Fig. 2; see also GPS 
settings in Repository Data).
Samples were petrographically characterized using a combination of methods, including transmitted light 
microscopy with thin-sections stained by Alizarin Red S and Potassium Ferricyanide, scanning electron micros-
copy (SEM at Museo Nacional de Ciencias Naturales, Madrid) operating in back-scattered electron (BSE) image 
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and energy dispersive X-ray (EDS) analysis, and separate cold cathodoluminescence microscopy (CL at Instituto 
Geológico y Minero de España, Tres Cantos). Analytical results of back-scattered electron imaging and EDS 
analyses display an error of ±5 to 7%. The qualitative mineralogical composition of some complex samples was 
determined by the X-ray powder diffraction method. Interpretation of cementation history was made by distin-
guishing cement types based on colour, brightness, luminescence patterns, cement morphology and cross-cut 
relationships. Complex zonation of cements (revealed by CL, BSE and EDS) allowed correlation of cement zones 
between samples. Major elements were determined using X-ray fluorescence and inductively coupled plasma 
mass spectrometry (ICP-MS at AcmeLabs, Canada). Precision for major elements is usually better than 2%, 
5–10% and 3–7%, respectively.
Stable isotopes of oxygen and carbon for whole-rock carbonates were removed by dental drill under a binocu-
lar microscope and analysed at Erlangen University. Carbonate powders were reacted with 100% phosphoric acid 
at 75 °C using a Kiel III carbonate preparation line connected online to a ThermoFinnigan 252 mass spectrome-
ter. All values are reported in permil relative to V-PDB by assigning a δ13C value of +1.95‰ and a δ18O value of 
−2.20‰ to NBS19. Reproducibility was checked by replicate analyses of laboratory standards and is better than 
±0.06‰ (1 std.dev.).
Chemical conversion of the phosphate bound in conodont apatite into trisilverphosphate (Ag3PO4) 
was performed following63 method and subsequent oxygen isotope analyses were performed using a TC‐EA 
(high-temperature conversion-elemental analyzer) coupled online to a ThermoFinnigan Delta V Plus mass spec-
trometer. 0.2 to 0.3 mg Ag3PO4 was weighed into silver foil and transferred to the sample carousel of the TC‐EA. 
At 1450 °C, the silver phosphate is reduced and CO forms as the analyte gas64. CO was transferred in a helium 
stream through a gas chromatograph via a Conflo III interface to the mass spectrometer and values are reported 
in ‰ relative to VSMOW. Samples as well as standards were measured in triplicate, measurements were calibrated 
by performing a two‐point calibration65 using NBS 120c (21.7‰) and a commercial Ag3PO4 (9.9‰). A laboratory 
standard was used as a control standard and processed together with the samples. All standards were calibrated 
to TU1 (21.11‰) and TU2 (5.45‰66). External reproducibility, monitored by replicate analyses of samples was 
±0.14 to ±0.29‰ (1 σ).
References
 1. Lindström, M. D. “white sand crosses” from the Lower Cambrian of Kinnekulle have glendonite affinity? GFF 106, 32 (1984).
 2. James, N. P., Narbonne, G. M., Dalrymple, R. W. & Kyser, T. K. Glendonites in Neoproterozoic low-latitude, interglacial, sedimentary 
rocks, northwest Canada: insights into the Cryogenian ocean and Precambrian cold-water carbonates. Geology 33, 9–12 (2005).
 3. Selleck, B. W., Carr, P. F. & Jones, B. G. A review and synthesis of glendonites (pseudomorphs after ikaite) with new data: assessing 
applicability as recorders of ancient coldwater conditions. J. Sediment. Res. 77, 980–991 (2007).
 4. Kaljo, D. et al. The Cambrian–Ordovician boundary in the Baltic-Ladoga Clint area (northern Estonia and Leningrad region, 
USSR). Eesti NSV Teaduste Akadeemia Toimetised. Geoloogia 35, 97–108 (1986).
 5. Popov, L. E., Khazanovitch, K. K., Borovko, N. G., Sergeeva, S. P. & Sobolevskaya, R. F. The key sections and stratigraphy of the 
Cambrian–Ordovician phosphate-bearing Obolus Beds on the north-eastern Russian platform. Mezhvedomstvennyi stratigraficheskii 
komitet SSSR, Trudy 18, 1–222 (1989).
 6. Heinsalu, H. & Bednarczyk, W. Tremadoc of the East European Platform: lithofacies and palaeogeography. Proceed. Estonian Acad. 
Sci., Geol. 46, 59–74 (1997).
 7. Nielsen, A. T. & Schovsbo, N. H. Cambrian to basal Ordovician lithostratigraphy in southern Scandinavia. Geol. Soc. Denmark Bull. 
53, 47–92 (2006).
 8. Hints, R. et al. Centimetre-scale variability of redox-sensitive elements in Tremadocian black shales from the eastern Baltic 
Palaeobasin. Estonian J. Earth Sci. 63, 233–239 (2014b).
 9. Lehnert, O., Calner, M., Ahlberg, P. & Harper, D. A. T. Palaeokarst in the Lower Palaeozoic of Baltoscandia–a mirror of sea-level 
fluctuations in a shallow epicontinental sea. In: International Conference of the Geologische Vereinigung and SEDIMENT, 164 (2012).
 10. Nielsen, A. T., Schovsbo, N. H., Klitten, K., Woollhead, D. & Rasmussen, C. M. Ø. Gamma-ray log correlation and stratigraphic 
architecture of the Cambro-Ordovician Alum Shale Formation on Bornholm, Denmark: Evidence for differential syndepositional 
isostasy. Bulletin of the Geological Society of Denmark 66, 237–273 (2018).
 11. Zagurayev, V. G., Petrov, V. M. & Khazanovich, K. K. Hemogenic phosphorites of the Baltic Basin. Litologiya i poleznyye iskopayemyye 
1984(6), 131–143 (1984).
 12. Andersson, A., Dahlman, B., Gee, D. G. & Snäll, S. The Scandinavian Alum Shales. Sveriges Geologiska Undersökking, Avhandligar 
och Uppsatser I A4, Ser. Ca. 56, 1–50 (1985).
 13. Schovsbo, N. H. Uranium enrichment shorewards in black shales: A case study from the Scandinavian Alum Shale. GFF 124, 
107–116 (2002).
 14. Heinsalu, H., Kaljo, D., Kurvits, T. & Viira, V. The stratotype of the Orasoja Member (Tremadocian, Northeast Estonia): lithology, 
mineralogy, and biostratigraphy. Proceed. Estonian Acad. Sci., Geol. 52, 135–154 (2003).
 15. Artyushkov, E. V., Lindstrom, M. & Popov, L. E. Relative sea-level changes in Baltoscandia in the Cambrian and early Ordovician: 
the predominance of tectonic factors and the absence of large scale eustatic fluctuations. Tectonophysics 320, 375–407 (2000).
 16. Hints, R., Hade, S., Soesoo, A. & Voolma, M. Depositional framework of the East Baltic Tremadocian black shale revisited. GFF 136, 
464–482 (2014a).
 17. Pukkonen, E. & Rammo, M. Distribution of molybdenum and uranium in the Tremadoc Graptolite Argillite (Dictyonema Shale) of 
North-Western Estonia. Bull. Geol. Surv. Estonia 2, 3–15 (1992).
 18. Soesso, A. & Hade, S. Metalliferous organic-rich shales of Baltoscandia – a future resource of environmental/ecological problem. 
Archiv Euro Eco 2, 11–14 (2012).
 19. Voolma, M., Soesso, A., Dahe, S., Hints, R. & Kallaste, T. Geochemical heterogeneity of the Estonian graptolite argillite. Oil Shale 30, 
377–401 (2013).
 20. Heinsalu, H. On the lithology and stratigraphy of the late Tremadoc graptolitic argillites of North-West Estonia. Proceedings of the 
Estonian Academy of Sciences, Geology 39 (4), 142–151 [in Russian with English summary] (1990).
 21. Loog, A., Kurvits, T., Aruväli, J. & Petersell, V. Grain size analysis and mineralogy of the Tremadocian Dictyonema shale in Estonia. 
Oil Shale 18, 281–297 (2001).
 22. Egenhoff, S. O. et al. Sedimentology of SPICE (Steptoean positive carbon isotope excursion): a high-resolution trace fossil and 
microfabric analysis of the middle to late Cambrian Alum Shale Formation, southern Sweden. In: Larsen, D., Egenhoff, S. O. & 
Fishman, N. S. (eds), Paying Attention to Mudrocks: Priceless! GSA Spec. Pap. 515, 87–102 (2015).
 23. Calner, M., Lehnert, O., Wu, R. C., Dahlqvist, P. & Joachimiski, M. δ13C chemostratigraphy in the Lower–Middle Ordovician 
succession of Öland (Sweden) and the global significance of the MDICE. GFF 136, 48–54 (2014).
9Scientific RepoRts |          (2019) 9:7205  | https://doi.org/10.1038/s41598-019-43707-4
www.nature.com/scientificreportswww.nature.com/scientificreports/
 24. Hagadorn, J. W. & Bottjer, D. J. Restriction of a Late Neoproterozoic biotope: suspect-microbial structures and trace fossils at the 
Vendian–Cambrian transition. Palaios 14, 73–85 (1999).
 25. Porada, H. & Bouougri, E. “Wrinkle structures” - a critical review. In: Schieber, J. et al. (eds), Atlas of Microbial Mat Features. 
135–144 (Elsevier, Amsterdam, (2007).
 26. Sturesson, U. et al. Neodymium isotopic composition of Cambrian–Ordovician biogenic apatite in the Baltoscandian Basin: 
implications for palaeogeographical evolution and patterns of biodiversity. Geol. Mag. 142, 419–439 (2005).
 27. Ninkovich, D., Opdyke, N., Heezen, B. C. & Foster, J. H. Paleomagnetic stratigraphy, rates of deposition and tephrachronology in 
North Pacific deep-sea sediments. Earth and Planetary Science Letters 1, 476–492 (1966).
 28. Stanley, S. M., Ries, J. B. & Hardie, L. A. Low-magnesium calcite produced by coralline algae in seawater of Late Cretaceous 
composition. Proc. Natl Acad. Sci. USA 99, 15323–15326 (2002).
 29. Webb, G. E. & Sorauf, J. E. Zigzag microstructure in rugose corals: a possible indicator of relative seawater Mg/Ca ratios. Geology 30, 
415–418 (2002).
 30. De Lurio, J. L. & Frakes, L. A. Glendonites as a paleoenvironmental tool: implications for Early Cretaceous high latitude climates in 
Australia. Geochim. Cosmochim. Acta 63, 1039–1048 (1999).
 31. Spielhagen, R. & Tripati, A. Evidence from Svalbard for near-freezing temperatures and climate oscillations in the Arctic during the 
Paleocene and Eocene. Palaeogeogr. Palaeoclimatol. Palaeoecol. 278, 48–56 (2009).
 32. Price, G. D. & Nunn, E. V. Valanginian isotope variation in glendonites and belemnites from Arctic Svalbard: Transient glacial 
temperatures during the Cretaceous greenhouse. Geology 38, 251–254 (2010).
 33. Frank, R. D., Thomas, S. G. & Fielding, C. R. On using carbon and oxygen isotope data from glendonites as paleoenvironmental 
proxies: a case study from the Permian System of Eastern Australia. J. Sediment. Res. 78, 713–723 (2008).
 34. Larsen, D. Origin and paleoenvironmental significance of calcite pseudomorphs after ikaite in the Oligocene Creede Formation, 
Colorado. J. Sediment Res. 64, 593–603 (1994).
 35. Rogov, M. A. et al. Earliest Cretaceous (late Berriasian) glendonites from Northeast Siberia revise the timing of initiation of transient 
Early Cretaceous cooling in the high latitudes. Cretaceous Res. 71, 102–112 (2017).
 36. Wu, R. C., Calner, M., Lehnert, O., Peterffy, O. & Joachimski, M. M. Lower–Middle Ordovician δ13C chemostratigraphy of western 
Baltica (Jämtland, Sweden). Palaeoworld 24, 110–122 (2015).
 37. Rickaby, R. E. M. et al. Potential of ikaite to record the evolution of oceanic 18O. Geology 34, 497–500 (2006).
 38. Kaljo, D. L. & Kivimägi, E. K. Zonal Stratigraphy of the Estonian Tremadocian. In: Kaljo, D. & Koren, T. (eds), Graptolites and 
Stratigraphy. Acad. Sci. Eston. SSR, Inst. Geology, 56–63 (1976).
 39. Pucéat, E. et al. Revised phosphate-water fractionation equation reassessing paleotemperatures derived from biogenic apatite. Earth 
Planet. Sci. Lett. 298, 135–142 (2010).
 40. Lécuyer, C., Amiot, R., Touzeau, A. & Trotter, J. Calibration of the phosphate δ18O thermometer with carbonate-water oxygen 
isotope fractionation equations. Chem. Geol. 347, 217–226 (2013).
 41. Swainson, I. P. & Hammond, R. P. Ikaite, CaCO3·6H2O: cold comfort for glendonites as paleothermometers. Am. Mineral. 86, 
1530–1533 (2001).
 42. Hu, Y. B., Wolf-Gladrow, D. A., Dieckmann, G. S., Völker, C. & Nehrke, G. A laboratory study of ikaite (CaCO3·6H2O) precipitation 
as a function of pH, salinity, temperature and phosphate concentration. Mar. Chem. 162, 10–18 (2014).
 43. Purgstaller, B., Dietzel, M., Baldermann, A. & Mavromatis, V. Control of temperature and aqueous Mg2+/Ca2+ ratio on the (trans-)
formation of ikatite. Geochim. Cosmochim. Acta 217, 128–143.
 44. Stockmann, G. J., Ranta, E., Trampe, E., Sturkell, E. & Seaman, P. Carbon mineral storage in seawater: Ikaite (CaCO3·6H2O) columns 
in Greenland. Energy Procedia 146, 59–67 (2018).
 45. Greinert, J. & Derkachev, A. Glendonites and methane-derived Mg-calcites in the Sea of Okhotsk, East Siberia: implications of a 
venting-related ikaite/glendonite formation. Mar. Geol. 204, 129–144 (2004).
 46. Geilfus, N. X. et al. First estimates of the contribution of CaCO3 precipitation to the release of CO2 to the atmosphere during young 
sea ice growth. J. Geophys. Res.: Oceans 118, 244–255 (2013).
 47. Álvaro, J. J. et al. A review of the Late Cambrian (Furongian) palaeogeography in the western Mediterranean region, NW Gondwana. 
Earth-Sci. Rev. 85, 47–81 (2007).
 48. Trotter, J. A., Williams, I. S., Barnes, C. R., Lécuyer, C. & Nicoll, R. S. Did cooling oceans trigger Ordovician biodiversification? 
Evidence from conodont thermometry. Science 321, 550–554 (2008).
 49. Bassett, D., Macleod, K. G., Miller, J. F. & Ethington, R. L. Oxygen isotopic composition of biogenic phosphate and the temperature 
of Early Ordovician seawater. Palaios 22, 98–103 (2007).
 50. Lehnert, O., et al The Lower/Middle Ordovician δ18O record and its relation to diversification pulses of the GOBE. In: Zhang, Y. D., 
Zhan, R. B., Fan, J. X. & Muir, L. A. (eds), Filling the gap between the Cambrian Explosian and the GOBE - IGCP 653 Annual Meeting, 
October 8-12, 2017, Yichang, China. 57–59 (Zeijiang University Press (Hangzhou), 2017).
 51. Nielsen, A. T. Ordovician sea level changes: a Baltoscandian perspective. In: Webby, B. D., Paris, F., Droser, M. L. & Percival, I. G. 
(eds), The Great Ordovician Biodiversification Event. 84–93 (Columbia University Press, New York, 2004).
 52. Schulz, H., von Rad, U. & Erlenkeuser, H. Correlation between Arabian Sea and Greenland climate oscillations of the past 110,000 
years. Nature 393, 54 (1998).
 53. Zacke, A. et al. Surface-water freshening and high-latitude river discharge in the Eocene North Sea. Journal of the Geological Society 
166, 969–980 (2009).
 54. Bauch, D. et al. The Arctic shelf regions as a source of freshwater and brine-enriched waters as revealed from stable oxygen isotopes. 
Polarforschung 80, 127–140 (2011).
 55. Bauch, D., Cherniavskaia, E. & Timokhov, L. Shelf basin exchange along the Siberian continental margin: Modification of Atlantic 
water and lower halocline water. Deep-Sea. Research I 115, 188–198 (2016).
 56. Bowen, G. J. & Wilkinson, B. Spatial distribution of δ18O in meteoric precipitation. Geology 30, 315–318 (2002).
 57. Dutton, A., Wilkinson, B. H., Welker, J. M., Bowen, G. J. & Lohmann, K. C. Spatial distribution and seasonal variation in 18O/16O 
of modern precipitation and river water across the conterminous USA. Hydrological Processes 19, 4121–4146 (2005).
 58. Guy-Ohlson, D. & Lindqvist, B. Palynomorph content of the uraniferous alum shales of Cambrian–Ordovician age in Sweden. Ore 
Geol. Rev. 5, 525–536 (1990).
 59. Veizer, J. & Prokoph, A. Temperatures and oxygen isotopic composition of Phanerozoic oceans. Earth-Sci. Rev. 146, 92–104 (2015).
 60. Weiner, S. Biomineralization: a structural perspective. J. Struct. Biol. 163, 229–234 (2008).
 61. Trueman, C. N. Chemical taphonomy of biomineralized tissues. Palaeontology 56, 475–486 (2013).
 62. Cooper, R. A., Rigby, S., Loydell, D. K. & Bates, D. E. B. Palaeoecology of the Graptoloidea. Earth-Sci. Rev. 112, 23–41 (2012).
 63. Joachimski, M. M. et al. Devonian climate and reef evolution: insights from oxygen isotopes in apatite. Earth Planet. Sci. Lett. 284, 
599–609 (2009).
 64. Vennemann, T. W., Fricke, H. C., Blake, R. E., O’Neil, J. R. & Colman, A. Oxygen isotope analysis of phosphates: a comparison of 
techniques for analysis of Ag3PO4. Chem. Geol. 185, 321–336 (2002).
 65. Paul, D., Skrzypek, G. & Fórizs, I. Normalization of measured stable isotopic compositions to isotope reference scales – a review. 
Rapid Commun. Mass. Spectrom. 2, 3006–3014 (2007).
 66. Cocks, L. R. M. & Torsvik, T. H. Baltica from the late Precambrian to mid–Palaeozoic times: the gain and loss of a terrane’s identity. 
Earth-Sci. Rev. 72, 39–66 (2005).
1 0Scientific RepoRts |          (2019) 9:7205  | https://doi.org/10.1038/s41598-019-43707-4
www.nature.com/scientificreportswww.nature.com/scientificreports/
 67. Wilde, P. Oceanography in the Ordovician. In: Barnes C. R. & Williams, S. H. (eds), Advances in Ordovician Geology. Paper 90, 
283–298 (Geological Survey of Canada, Paper, 1991).
 68. Teichert, B. M. A. & Luppold, F. W. Glendonites from an Early Jurassic methane seep—Climate or methane indicators? Palaeogeogr. 
Palaeoclimat. Palaeoecol. 390, 81–93 (2013).
 69. Vennemann, T. W., Fricke, H. C., Blake, R. E., O’Neil, J. R. & Colman, A. Oxygen isotope analysis of phosphates: a comparison of 
techniques for analysis of Ag3PO4. Chem. Geol. 185, 321–336 (2002).
Acknowledgements
We thank the useful and constructive revision made by two anonymous referees and technical editing by Annalisa 
Ferretti. Financial support for this work was provided by project CGL2017-87631-P from Spanish MINECO. 
OL and PM acknowledge support by the Estonian Research Council (grant PUT 378) and the Deutsche 
Forschungsgemeinschaft (DFG project LE 867/8-1 and 8-2), Research of MGP supported by Golestan University 
Research Grant 6762. Research of LEH is supported by the Swedish Research Council (VR Project no. 2018-
03390) and by a Zhongjian Yang Scholarship from the Department of Geology, Northwest University, Xi’an. 
Zhifei Zhang sincerely acknowledges the National Natural Science Foundation of China (41425008, 41621003 
and 41720104002) and the 111 Centre (D17013) for the continuous financial support for the palaeobiology group 
in Xi’an. AD acknowledges support from the Russian Governmental Program of Competitive Growth of Kazan 
Federal University and Program for Fundamental Research of the Presidium of Russian Academy of Sciences no. 
19 (Project no. 0135-2018-0040). We thank Michael Joachimski for valuable discussions and help with measuring 
the oxygen isotope samples from conodont apatite in his stable isotope lab of Erlangen, Germany. This paper is a 
contribution to IGCP 653 project.
Author Contributions
L.E.P., J.J.A., M.G.P. and A.V.D. designed the study; H.B., L.E.H., A.V.D., L.E.P., Zhifei Z., Zhiliang Z. and M.G.P. 
contributed directly in specimen sampling and field documentation; J.J.A. performed petrographic, geochemical 
and isotope studies of glendonite samples; P.M. and O.H. responsible for conodont biogenic phosphate sampling 
and its preparation for analysis; O.L. performed oxygen isotope analyses and discussed outcomes; L.E.P., J.J.A. and 
L.E.H. analyzed data and wrote the paper; M.G.P., H.B. and Zhiliang Z. conducted illustration preparation. All 
authors discussed results and commented on the manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-43707-4.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
